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 Preface 
This study covers the reverse engineering of two Ariane 5 payload off-the-
shelf adapters, PAS 1194VS and PAS 1194C.  
After a brief presentation of a mission in which they were used (Flight 215, 
August 2013), the mechanical environment has been described.   
During flight the spacecraft is subjected to static and dynamic loads 
(acoustic and harmonic) which are be analyzed in detail in chapter 2. All 
requirements have been reported in the specification. 
These analyses were performed using the ANSYS Workbench. First, a 
simplied geometric and material model of each adapter has been defined, then 
static and dynamic analyses were performed. In order to evaluate the optimization 
of the structure for strength, stability and weight, all analyses (static and dynamic) 
were conducted on a 30% weight reduced version of the adapters. 
The material strength of the adapters has also been studied in detail: fatigue 
and fracture mechanics have been evaluated for the metal material and a failure 
criterion has been assessed for the composite material. 
Finally, special attention has been given to the performance of several 
bolted joints; the use of Hi-Lok pins has been assumed and their behavior has been 
analyzed under various load conditions. 
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 Introduction 1. 
1.1.  Ariane 5 
Ariane 5 is a European launcher. Through its long experience, Arianespace 
operated shared and dedicated launches, for all types of missions, geostationary 
transfer orbits, circular polar orbits, inclined orbits and escape missions. It is also 
ideally suited for launching the tug boat or Automated Transfer Vehicle (ATV) 
towards the International Space Station (ISS). 
From Ariane 5 User’s Manual (Arianespace, 2011) 
Figure 1.1-Ariane Lauch family 
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The Ariane system project starts in 1973 with Ariane 1; over the years, 
other models have been developed, including the Ariane models 2, 3 and 4. The 
most recent is the Ariane 5 (1987). The key design objective of the latest version 
was to offer 60% additional GTO capacity for only 90% the cost of an Ariane 4, 
equivalent to reducing the cost/kg by 44%. 
The launch vehicle is basically the Ariane two-stage-vehicle with solid 
strap-on boosters (Figure 1.2-Schematic model). The first stage consists of a 
cryogenic engine (EPC) used in the first flight part until upper stage separation; on 
the side there are two solid propellant boosters (EAP) that provide 90% of thrust at 
lift-off. The second stage has a single cryogenic engine (ESC-A) for orbit 
operations.  Depending on the required performance and the composition of its 
payload, one of several launch configurations can be selected by Arianespace 
based upon the utilization of different upper stages (storable propellant or 
cryogenic) and dual launch systems. 
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Figure 1.2-Schematic model 
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Figure 1.3-Main features 
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 Launcher configurations 1.1.1. 
 ARIANE 5-G (Generic) 
 Solid propellant boosters  (EAP: Etage d’Accélération à Poudre) 
- Dimensions: 31,2 m long, 3,05 m diameter 
- Mass: 40t dry mass,  238t propellant 
- Propellant: HTPB (Hydroxyl-Termineted Poly-Butadiene) solid 
propellant of 68% ammonium perchlorate (NH4ClO4), 18% aluminum 
(Al) and 14% liner 
- Power: 5250 kN each at launch, 132 s burn time 
- Structure: the structure includes 3 long  steel cylinders (3,35 m) of 8 mm 
thickness, the upper part of 3,4 m; and the 6° adjustable nozzle moved 
by hydraulic actuators 
 Stage-1 (EPC: Etage Principal Cryotechnique) 
- Dimensions: 30,7 m long, 5,40 m diameter 
- Mass: 12,6 t dry mass, 156 t propellant 
- Propellant: liquid oxygen (LOX) and liquid hydrogen (LH2) 
- Power: 900 kN at launch, 1145 kN in vacuum, for 580 s 
- Structure: the aluminum tank is divided into two sections by a common 
bulkhead, creating a 120 m
3
 LOX forward tank (pressurized to 3,5 bar 
by helium) and a 390 m
3
 LH2 aft tank (pressurized to 2,5 bar by gaseous 
H2). The tank’s external surface carries a 2 cm-thick insulation layer to 
help maintain the cryogenic temperatures. 
 Stage-2 (EPS: Etage à Propergols Stockable) 
- Dimensions: 3,3 m long, 3,94 m diameter 
- Mass: 1,2 t dry mass,  9,7 t propellant 
- Propellant: NTO-MMH (nitrogen-tetroxide-Monomethylhydrazine) 
- Power: 27,5 kN per 1100 s 
- Structure: the engine is embedded within the four propellant spheres 
(each 1,41 m-diameter ). 
Introduction 
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 Vehicle Equipment Bay (VEB) 
- Dimensions: 1,04 m high, 4.0 m diameter 
- Mass: 520 kg 
- Structure: internal frustum of a CFRP sandwich supports upper stage at 
its 3936 mm-diameter forward end; external aluminum cylinder supports 
payload fairing/carrier; annular platform carries the electronics. 
 
 ARIANE-5E (E=Evolution) (Figure 1.4) 
To meet the growing demand for a mass increase to carry in GTO, the 
initial target capacity of 5,97 t was raised to 7,4 t. Most of the improvement (800 
kg) comes from increasing main engine thrust to 1350 kN and raising propellant 
mass to 170t. Welding the booster casings instead of bolting them together saves 2 
t and allows 2430 kg more propellant in the top segment, increasing GTO capacity 
by 300 kg. A new composite structure for the VEB saves 160 kg. Replacing the 
Speltra carrier by the lighter Sylda-5 adds 380 kg capacity. But even these 
improvements are not enough to remain competitive, as market projections predict 
launches of paired 6 t satellites will be required by 2006. For this reason, there 
have been further modifications to the project. 
 ARIANE-5ESV (V=Versatile) 
It will allow multiple EPS stage-2 reignitions to accommodate a wider 
range of missions. Stretched tanks add 250 kg of propellant. Coasting between 
burns requires a 6 h life, provided by improving thermal protection and enhanced 
batteries. 
 ARIANE-5ECA (C=Cryogenic) 
It will provide 10 t (9,4 t for dual satellites) into GTO using the ESC-A 
cryogenic stage-2 powered by the 64,8 kN HM7B single ignition engine from 
Ariane-4. Propellant mass is 14,4 t, diameter 5,4 m. Reuses the Ariane-4 LOX tank 
and thrust frame, plus the Ariane-5 EPC tank bulkhead.  
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 ARIANE-5ECB 
It offers 12 t GTO capacity using the ESC-B stage-2, derived from ESC-A. 
The new 155 kN Vinci engine offers multiple (1-5) ignitions, drawing on 24 t of 
LOX/LH2.  
 Payload configurations 1.1.2. 
To fulfill a full range of missions, Ariane 5 can be fitted with a variety of 
payload fairings, adapters and structures for single-, dual- or multiple-payload 
launches as illustrated on the Ariane 5 Technical Information document 
(Arianespace, 1999). 
 
Figure 1.4-Ariane 5 Evolution 
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 Fairing 
The Ariane 5 nose fairing consists of a two half-shell carbon fiber structure 
with a longitudinal Ariane type separation system. This nose fairing has an 
external diameter of 5,4 m. Two payload fairing versions are available on Ariane 
5, both with the useful inner diameter of 4,57 m. The short fairing version, which 
is 12,7 m long, can accommodate payloads more than 11,5m high; the long fairing, 
which is 17 m long, can house payloads more than 15,5 m high. 
 Adapters 
To accommodate payloads weighing from 1000 kg to 18000 kg, Ariane 5 
can be fitted with 9 different adapter models. These adapters are either conical or 
cylindrical, and have separation interface diameters of 937 mm, 1,194 mm, 1,663 
mm, 1,666 mm, 2,624 mm or 3,936 mm. The adapters, most of which have a 
clamp band payload separation system, are compatible with all existing satellite 
platforms. 
 The internal structure for dual launches (Sylda 5) 
The Sylda 5 structure is housed inside the fairing, and allows Ariane 5 to 
launch two primary payloads on a single flight. It has a useful inner diameter of 4 
meters, and exists in 6 versions to accommodate satellites with a maximum height 
of 2,9 to 4,4 meters. 
 The external structure for dual launches (Speltra) 
The Speltra structure, which is positioned between the upper stage and the 
payload fairing, allows Ariane 5 to carry two primary payloads on a single flight. 
One satellite is accommodated inside the Speltra, while the other is mounted atop 
the Speltra and is enclosed in the payload fairing. The Speltra can house payloads 
with external diameter of 4,57 m. The standard Speltra version, which is 7m high, 
is sized for satellites of more than 6m high in launch configuration. A short version 
and a stretched version of Speltra are also offered. 
Introduction 
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 The Ariane structure for auxiliary payloads A.S.A.P. (Arianespace, 2000) 
The ASAP platform, which can be mounted on top of the upper stage as 
well as on the Speltra or Sylda structures, carries minisatellite (120 kg ≤ mass ≤ 
300 kg) or microsatellites (mass ≤ 120 kg) as secondary payloads. ASAP 5 is a 
circular platform with a diameter of 2624 mm.  
ASAP 5 is proposed with three typical configurations: 
 carriage of up to 8 microsatellite of 120 kg (maximum mass); they are 
located at about 45° on the circular platform; 
 carriage of up to 4 minisatellite of 300 kg (maximum mass) inside a 
SYLDA 5 or a SPELTRA; they are located at about 90° on the circular 
platform; 
 a combined configuration of up to 2 minisatellite + 6 microsatellite. 
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1.2.  Mission 
 Payload description 1.2.1. 
This study takes into account a presentation of one of the most recent 
missions (August 2013) in which these adapters were used (Astrium Space 
Trasportation, 2013). An Ariane 5 ECA will be used for this flight. Flight 215 is a 
commercial mission with a dual-payload configuration using the SYLDA 5 (with a 
height of 5,5 m) system and a long pattern fairing (total height: 17 m).The two 
payload are the communications satellite EUTELSAT 25B / Es’hail-1 in the upper 
position and the meteorological satellite GSAT-7 in the lower position. The mass 
of EUTELSAT 25B / Es’hail-1 is 6310 kg, with 2650 kg for GSAT-7. Allowing 
for the adaptors and the SYLDA 5 structure, total performance required from the 
launcher for the orbit described above is 9776,5 kg (Figure 1.5).  
 EUTELSAT 25B / Es’hail-1 
EUTELSAT 25B / Es’hail-1 
PAS 1194C  
GSAT-7 
SYLDA 5 
PAS 1194VS 
Figure 1.5-Arrangement of satellites and adapters (Astrium Space 
Trasportation, 2013) 
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It is a satellite jointly operated by Eutelsat Communication and Es’hailSat 
in orbital position 25.5° East to cover Middle East, North Africa and Central Asia. 
 
Dimensions 
• Structure: 4,40 x 2,35 x 2,20 m, total height: 7 m 
• In-orbit span: 26 m 
Mass • Lift-off 6310 kg 
Power 
• Payload power: > 15.8 kW 
• 3 Li-Ion batteries 
Propulsion 
• Biliquid propellant tanks (MMH & NTO) 
• 455 N apogee kick motor and 22 N nozzles for orbit 
control 
Stabilization 
• Transverse spin-up at separation 
• Triple-axis stabilization in orbit 
Transmission 
capacity 
• 24 Ku-band transponders 
• 22 Ka-band transponders 
Orbit Position • 25.5° East 
Coverage • Europe, Africa and Middle East / Asia 
Expected lifetime exceeds 15 years 
 GSAT-7 
GSAT-7 is a high-technology multi-band satellite, designed, built and 
integrated by I.S.R.O (Indian Space Research Organization). It is designed for 2,5 
ton class satellites and is equipped with two double solar panels providing 2500 W 
of power. It is equipped with a bipropellant apogee motor, providing a thrust of 
440 N. The multi-band payload, with 2 kW of power, provides a full and varied 
range of services over the coverage area. 
Table 1.1-Ariane 5 Evolution.a- EUTELSAT 25B / Es’hail-1 main characteristics (Astrium Space 
Trasportation, 2013) 
Introduction 
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Dimensions • 3,10 x 2,00 x 1,77 m 
Mass • Lift-off 2650 kg 
Power 
• Payload power: > 3000 W 
• 2 Li-Ion batteries 
Propulsion • Biliquid propellant tanks (MMH & MON3) 
Stabilization 
• Triple-axis stabilization at separation 
• Triple-axis stabilization in orbit 
Transmission 
capacity 
• C, Ku, S and UHF-band transponders 
Orbit Position • 74° East 
Coverage • Indian subcontinent 
Expected lifetime exceeds 7 years 
 Mission analysis 1.2.2. 
 Launcher L570 
 The upper composite is mounted on the main cryogenic stage (EPC) and 
incorporates: 
- Fairing 
- SYLDA 5 payload carrier structure, 
- The Upper Composite, which comprises: 
- ESC-A cryogenic upper stage 
- Vehicle Equipment Bay 
- 3936 cone 
 
Table 1.2-GSAT-7 main characteristics  (Astrium Space Trasportation, 2013) 
Introduction 
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 The lower composite incorporates: 
- EPC (H175) main cryogenic stage with the new Vulcain 2 engine 
- two EAP (P240) solid propellant strap-on boosters secured on either side of 
the EPC 
 Flight phases  
The main mission of Flight 215 is to place the EUTELSAT 25B / Es’hail-1 
and GSAT-7 commercial payloads into a low-inclined standard GTO orbit: 
- Apogee altitude 35786 km 
- Perigee altitude 249.3 km 
- Inclination 3.5° 
- Perigee argument 178° 
- Ascending node longitude -119.948° 
 
Taking H0 as the basic time Vulcain ignition occurs at H0+2,7 s. 
Confirmation of nominal Vulcain operation authorizes ignition of the two solid 
propellant boosters (EAP) at H0+7,05 s, leading to launcher lift-off.  
EAP burn time is about 135 s, after which the boosters are separated from 
the EPC (H0+142 s at an altitude of 67,0 km) by cutting the pyrotechnic anchor 
bolts, and fall back into the ocean. 
The fairing is jettisoned during the EPC flight phase as soon as 
aerothermodynamic flux levels are sufficiently low not to impact the payload. For 
this mission, separation of the payload will occur about 196 s after lift-off at an 
altitude of 106,9 km. 
The EPC burns continuously for about 526 s, the shutdown of the Vulcain 
engine occurs H0+526,4 s and delivers the essential part of the kinetic energy 
required to place the payloads into orbit. On burnout at an altitude of 161 km for 
this mission, the stage separates from the upper composite and falls back into the 
Atlantic Ocean. 
Introduction 
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The ESC-A delivers the additional energy required to place the payloads 
into target orbit, this flight phase lasts about 16 minutes; this phase is terminated 
when target orbit has been acquired. It happens at H0+1492,7 s (thus, total time to 
reach orbit is about 15 min). 
A typical sequence of events for the GTO mission is presented in Figure 1.6 
together with a typical evolution of altitude as a function of time (Figure 1.7). 
 
 
 
Figure 1.6-Flight phases 
Figure 1.7-Ariane 5 typical GTO altitude vs time 
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 Mechanical environment 2. 
During the preparation for a launch and then during the flight, the spacecraft 
is exposed to a wide range of mechanical, thermal and electromagnetic 
environments. All data given in the followings paragraphs should be considered as 
limit loads applying at the spacecraft base. 
During flight the spacecraft is subjected to static and dynamic loads. Such 
excitations may be of aerodynamic origin (external load) or due to the propulsion 
systems (internal load). 
2.1.  Static acceleration 
Figure 2.1 shows a typical longitudinal static acceleration-time history for 
the L/V during its ascent 
flight. The highest 
longitudinal acceleration is 
approximately 4,55 g at the 
end of the solid rocket boost 
phase, and the highest lateral 
static acceleration may be up 
to 0,25 g.  
Figure 2.1-Typical longitudinal static acceleration 
Mechanical environment 
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2.2.  Sine-equivalent dynamics 
Sinusoidal excitations affect the L/V during its powered flight (in particular 
during the atmospheric flight and the transient phases). In the Figure 2.1 are listed 
the sinusoidal vibration levels at the spacecraft base. 
 
 
 
 
 
Figure 2.2-Sine excitation at spacecraft base 
Mechanical environment 
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2.3.  Acoustic vibration  
The noise level generated by the venting system does  not exceed 94 dB. 
The envelope spectrum of the noise induced inside the firing during the flight 
(generated by engine operation and by unsteady aerodynamic phenomena during 
the atmospheric flight) is show in the Figure 2.3. 
 
Figure 2.3-Acoustic noise spectrum under the fairing 
Mechanical environment 
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2.4.  Shocks 
Major shocks occur during the following events: 
 the L/V upper stage separation from main cryogenic stage 
 the fairing jettisoning 
 the spacecraft separation 
The envelope of the shock levels at the spacecraft interface is presented on 
The spacecraft separation shock is directly generated at the base of the spacecraft 
and its levels depend on the adapter type, since the interface diameter and the 
separation system have a direct impact. For a clampband adapter the envelope of 
shock response spectrum is given in the below curve (Figure 2.4). 
Figure 2.4-Envelope shock spectrum for the upper stage separation and fairing jettisoning and 
envelope shock spectrum for clampband release at spectrum interface 
Mechanical environment 
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The acceptable levels at the launch vehicle interface are shown in Figure 
2.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5-L/V acceptable shock spectrum at launcher bolted interface 
Mechanical environment 
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2.5.  Dimensioning loads 
The design and dimensioning of the adapter structure shall be based on the 
design load factors of the spacecraft. The design load factors are represented by the 
Quasi-Static Loads (QSL) that are the more severe combinations of dynamic and 
static accelerations that can be encountered at any instant of the mission (ground 
and flight operations). The QSL reflect the line loads at the interface between the 
spacecraft and the adapter. The flight limit levels of QSL for a spacecraft are given 
in the Table 2.1. 
 
Notes 
The minus sign with longitudinal axis values indicates compression.  
Lateral loads may act in any direction simultaneously with longitudinal loads. 
The Quasi-Static Loads (QSL) apply on payload CoG. 
The gravity load is included. 
 
 
 
Table 2.1-Quasi-Static Loads 
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 Specification 3. 
 Goal 
The truncated-conical adapters have to bear the payload ensuring stability within 
the fairing to protect it in all phases of flight. In particular, the PAS 1994VS 
adapter, inside the SYLDA 5, has to protect  G-SAT 7 satellite (2650 kg), besides 
the PAS 1194C, on top of SYLDA 5, has the task to support EUTELSAT 25-B 
satellite (6310 kg). 
 Life 
The operational life is about 2200 s, from lift-off to spacecraft release. 
 General characteristics 
The general characteristics (mass, dimension etc.) are displayed in Table 3.1. 
PAS 1194C 
 
Height: 790 mm 
Upper diameter: 1194 mm 
Low diameter: 2624 mm 
Max mass: 15 kg or 190 kg with a Ø1780 interface 
(Variant A) 
Cone and lower ring: monolithic carbon 
Upper ring: aluminum 
Table 3.1-PAS 1194C adapter dimensions 
Specification 
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PAS 1194VS 
Height: 753 mm 
Upper diameter: 1194 mm 
Low diameter: 2624  Low diameter: 2624 mm 
Max mass: 150 kg 
Aluminum upper structure (PAF) and composite lower 
part (LVA 2624) 
 
 Mechanical loads 
The design load factors are represented by the Quasi-Static Loads (QSL) that are 
the more severe combinations of dynamic and static accelerations that can be 
encountered at any instant of the mission (ground and flight operations). The QSL 
reflect the line loads at the interface between the spacecraft and the adapter. The 
flight limit levels of QSL for a spacecraft are given in the Table 2.1. 
 Thermal environment 
 Ground operations 
- Temperature 23±2°C. 
- Umidity 55±5% 
 Flight environment 
- Before fairing jettisoning, the net flux density radiated by the fairing or the 
SYLDA 5 does not exceed 1000 W/m
2
 at any point. 
- After fairing jettisoning, the flux not exceed the aerothermal flux of 1135 
W/m
2
. 
 
 
Table 3.2-PAS 1194VS adapter dimensions 
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 Adapter description 4. 
There are two Payload Adapter Systems having the 1194mm spacecraft 
interface diameter, both equivalent in performance and in particular for the shock 
spectrum of the clamp-band release. All adapters are equipped with a separation 
system and brackets for electrical connectors. The separation system consists of a 
clamp band set, a release mechanism and separation springs. The spacecraft is 
pushed away from the launch vehicle by a series of 4 to 12 actuators, bearing on 
supports fixed to the spacecraft rear frame. The force exerted on the spacecraft by 
each spring does not exceed 1500 N.  
The maximum mass of the adapter system is 150 kg (without other 
specifications). 
4.1.  PAS 1194C 
The PAS 1194C is designed and qualified to support a payload of 7000 kg 
centred at 2400 mm from the separation plane. 
The PAS 1194C is mainly composed of: 
 a load carrying structure, 
 a separation and ejection subsystem, 
 and an electrical subsystem. 
Adapter description 
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The PAS 1194C structure comprises the following elements: 
 A conical shell made of monolithic CFRP with an integrated lower ring at 
2624 I/F, manufactured by co-bonding technology; 
 An aluminum alloy upper interface frame, integrated on top of the cone, 
with a diameter of 1194 mm at the level of the spacecraft separation plane. 
The PAS 1194C can be divided in two elements which are named PAF 
1194 and LVA 2624. 
 The PAF (Payload Adapter Fitting) 1194 is composed of a load carrying 
structure, obtained by cutting the PAS1194 at the diameter ∅1780 and 
installing an aluminum ring at its lower interface, a separation and 
jettisoning subsystem and the electrical subsystem (those two subsystems 
being identical to the standard PAS 1194C). 
 The LVA (Launch Vehicle Adapter) 2624 is designed to fit the diameter ∅
1780 at its upper end and the ∅2624 standard bolted launch vehicle interface 
at its lower end, and its structure is identical to the lower part of the PAS 
1194C with an aluminum upper ring. 
 Optionally, an intermediate Raising Cylinder (ACY 1780) with 1780 mm 
I/F diameter, ensuring sufficient gap between spacecraft lower protrusions 
and the adapter structure. 
The spacecraft is secured to the adaptor interface frame by a clamping 
device, the shock-less LPSS (Launcher Payload Separation System) 1194. The 
clamp-band device consists 
mainly of an aluminum 
band connected in one 
point, which maintains 23 
clamps that can move 
radially apply the tension 
on the interface rings.  
Figure 4.1-PAS 1194C photo (Arianespace, 2011) 
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4.2.  PAS 1194VS 
The PAS 1194VS is mainly composed of: 
 a structure, 
 a clamping device, 
 a set of 4 to 12 actuators. 
The PAS 1194VS structure comprises the following main parts: 
 the composite lower cone called 
LVA (Launch Vehicle Adapter) 
between the Ariane 5 standard bolted 
interface (∅2624) and the interface 
diameter common to all 
Arianespace’s launch vehicles 
(∅1780); 
 the monolithic aluminum upper cone 
called PAF (Payload Attachment 
Fitting), integrated on top of the LVA cone, with a diameter of 1215 mm at 
the level of the spacecraft separation plane; 
 optionally, an intermediate metallic ring for specific accommodations need 
(ACY 1780). 
The spacecraft is secured to the adapter interface frame by a clamping 
device. The clamp band consists of a band with one connecting point. The tension 
applied to the band provides pressure on 
the clamp which attaches the satellite to 
the launcher. Release is obtained by 
means of a Clamp Band Opening 
Device (CBOD) pyrotechnically. 
 
Figure 4.2-PAS 1194VS PAF (Payload 
Attachment Fitting) (Arianespace, 2011) 
Figure 4.3-PAS 1194VS photo (Arianespace, 
2011) 
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4.3.  Adapter models 
 Geometry 4.3.1. 
In this study, the ANSYS Workbench platform (version 14.5) has been 
used for conducting structural analysis of the adapters. 
ANSYS Design Modeler is the software’s interface for geometric 
manipulation. Creating design models is a core part of the product development 
process and the first step in the simulation process. In this case, the models are 
approximations of the designs using simplified components like shells and plates. 
ANSYS Design Modeler supports a sketch-and-extrude approach to creating 
parametric geometry. 
 PAS 1194VS 
The PAS 1194VS structure is 
composed of a composite lower cone and a 
monolithic aluminum upper cone. 
Initially, section of the lower ring 
has been drawn in the XY plane; then, 
because the adapter has cylindrical 
geometry, the sketch has been rotated 
around the vertical axis, by using Revolve 
Command (with the add material option, 
as shown in detailed. The resulting model 
is displayed in Figure 4.4. 
The lower part has been shaped in 
the same way.  This second profile is 
placed beneath the previous one, between 
 
Figure 4.4-Upper ring  sketch and Revolve 
Command (PAS 1194VS) 
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the two sketches, and should be 
imposed with contact constraint (by 
using the coincident command). In 
this case the revolve command also 
shapes the structure (Figure 4.5 and 
Figure 4.6).The lower part is made 
of composite material, whose 
specifications will be defined a later 
stage; for this reason, the structure will 
be modeled as a 0mm-thickness shell 
with the add frozen option (instead of 
the previous add material option). 
The final structure is shown in 
Figure 4.7. 
 
 
 
Figure 4.6-Lower ring  Revolve Command (PAS 
1194VS) 
Figure 4.5-Lower ring sketch (PAS 1194VS) 
Figure 4.7-PAS 1194VS model 
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 PAS 1194C 
The second adapter is modeled using a similar procedure. Its structure is 
divided into three parts, the upper and lower metal ring and the middle carbon 
fiber shell. The metal rings are created with the sketch and revolve command, with 
the option add material. While the add frozen option is used to model the middle 
carbon fiber ring as a 0mm-thick shell. The different steps are shown in Figure 4.8, 
Figure 4.10 and Figure 4.9). 
 
 
 
 
Figure 4.8-Carbon ring Revolve Command (PAS 1194C) 
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Figure 4.10-Metal rings sketch and Revolve Command (PAS 1194C) 
Figure 4.9-PAS 1194C model 
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 Material 4.3.2. 
The upper part of the PAS 1194VS is made of 7010-T7451aluminum alloy 
and the lower part consists of epoxy carbon fiber layers. 
The upper and lower rings of the PAS 1194C are made of 7075-T7351 
aluminum alloy (Table 4.2) and the middle part is made of epoxy carbon fiber 
composite (Table 4.1). 
CARBON FIBER REINFORCED PLASTIC 
Density[g/cm
3
] 
 1,48
 
ORTHOTROPIC ELASTICITY 
Young’s Modulus X direction [MPa] 91820  
Young’s Modulus Y direction [MPa] 91820  
Young’s Modulus Z direction [MPa] 9000  
Poisson’s Ratio XY 0,05 
Poisson’s Ratio YZ 0,3 
Poisson’s Ratio XZ 0,3 
Shear Modulus XY [MPa] 19500  
Shear Modulus YZ MPa] 3000  
Shear Modulus XZ [MPa] 3000  
ORTHOTROPIC STRAIN LIMITS 
Tensile X direction [MPa] 829  
Tensile Y direction [MPa] 829  
Tensile Z direction [MPa] 50  
Compressive X direction [MPa] -439  
Compressive Y direction [MPa] -439  
Compressive Z direction [MPa]  -140  
Shear XY [MPa] 120  
Shear YZ [MPa] 50  
Shear XZ [MPa] 50  
TSAI-WU CONSTANTS 
Coupling coefficient XY -1 
Coupling coefficient XZ -1 
Coupling coefficient YZ -1 
Table 4.1-Carbon Fiber Reinforced Plastic Characteristics (Ansys,Inc.) 
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The characteristics of these materials have been included in the ANSYS 
Engineering Data section for all the simulations. 
 
The most common aluminum alloys are included in the Engineering Data 
Component library of Ansys, while Ansys Composite PrepPost (ACP) software 
provides all necessary functionalities for F.E.A. (finite element analysis) of layered 
composites structures. An intuitive interface efficiently defines materials, plies and 
stacking sequences. Materials can be accurately oriented on the structures. The 
ACP installation adds two additional Component Systems to the Workbench 
Toolbox: ACP (Pre) and ACP (Post). These systems allow the transferring of 
composite definitions of ACP between ACP and Mechanical on the Workbench 
schematic level. ACP is now fully integrated in the data structure of ANSYS 
Workbench. The components ACP (Pre) are available in the Toolbox menu. 
With the installation of ACP a new material catalog named Composite Materials is 
available in the databank. This catalog contains typical materials used in composite 
structures like unidirectional and woven carbon and glass, or core materials.  
 
Table 4.2-Aluminum alloy mechanical properties (ASM Aerospace Specification Metals, Inc.) (Aubert & 
Duval) 
ALUMINUM ALLOY 7075-T7351 7010-T7451 
Density [g/cm
3
] 2,81 2,83 
Ultimate tensile strength [MPa] 505 475 
Yield tensile strength [MPa] 435 400 
Young’s modulus [MPa] 72x10
3
 71,5x10
3
 
Poisson's ratio 0,33 0,33 
Fracture toughness (KIc) [MPa√m] 32 27 
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 ACP (Pre)  
To fulfill the ACP requirements, the materials in ANSYS Workbench have 
some additional properties; the first step is to define the main features of the 
material, then transfer the composite model to the previous geometries.   
In the following mechanical analysis (Static Structural, Modal, etc.), after 
the mesh application, the user can transfer this data to the ACP (pre) (Figure 
4.11). 
In the tree menu on the left are all the features applicable to the geometry. 
The following steps are used to model appropriate material. 
1. Materials: list of the selected materials from Engineering Data, choose 
Epoxy_Carbon_Woven_395GPa_Prepeg for the adapters (Figure 4.12). 
Figure 4.11-Transfer data to ACP Pre in Project Schematic 
Figure 4.12-Epoxy_Carbon_Woven_395GPa_Prepeg material 
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2. Fabric Properties: define the single fiber of the composite, its material and its 
thickness; 0,12 mm thickness sheet for the model (Figure 4.13). 
 
3. Stackup properties: stack up to form the ply of the composite material, with the 
specification of the angle of the fibers. In this case, a symmetric layout with 4 
sheet stack up with angles of 45°,-45°,0°,90° for a total thickness of 0,48 mm 
(Figure 4.14). 
Figure 4.13-Fabric Properties 
Figure 4.14-Stackup Properties 
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4. Rosettes: fiber reference frame; because the cylindrical symmetry of the 
geometry, a radial reference frame is the most appropriate, choose (0; 0; 0) 
origin and a (1; 0; 0), (0; 1; 0) as direction 1 and 2 (Figure 4.15). 
5. Oriented Element Sets: combines the reference frame of the geometry with the 
rosettes and defines the direction of the thickness. Define the Oriented Element 
Set before applying the material. In Elements Set select All_Elements option 
and the previous created rosette, specifying Orientation Point in radial 
direction (1; 0; 0) (Figure 4.16). Check the orientation of the normal clicking 
on the Show Orientation button and the zero degrees direction (Figure 4.17). 
Figure 4.16-Oriented Elements Sets 
Figure 4.15-Rosette Properties 
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6. Modeling Ply Groups: create a ply group. Choose the Oriented Elements set 
previously created and the stackup for the Ply Material; then insert 18 layers 
(Figure 4.18).  
Figure 4.17-Normal and Zero-degree Directions 
Figure 4.18-Modeling Ply Properties 
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7. Solid Models: apply the thickness to the shell to create the composite solid. For 
the Element Sets, select the All_Elements object and the option Specify 
Thickness for the Extrusion Model with a value of 0,48 mm x 18 = 8,64 mm 
(Figure 4.19).  
 
The characteristics of the solid are ready to be transferred to the Mechanical 
ambient for the simulations with an update. 
The procedure is the same for both adapters, only layer number varies. 
 
 
 
 
 
 
Figure 4.19-Solid Model Properties 
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4.4.  Lightened adapters 
In order to test capacity for weight reduction, with consequent cost savings, 
a lightened version of adapters will be examined. In what could be the first of 
many steps of an iterative weight optimization assessment, a ~30% global mass 
reduction was targeted by reducing the thickness of different elements of the 
structure. The mass reductions for different elements are shown below (Table 4.3). 
The thickness reduction details can be viewed in the mechanical drawings in the 
Appendix A - Mechanical drawing. 
Adapter 
Carbon Fiber 
ring mass 
[kg] 
Upper ring 
mass [kg] 
Total mass 
[kg]* 
Bolts mass 
[kg] 
PAS1194VS 72,4 68,6 141 6,9 
Lightened 
PAS1194VS 
48,3 48,8 97,1 5,6 
 
 
* The bolt mass has not been added in the total mass. 
Table 4.3-Normal and lightened PAS 1194VS versions masses 
Adapter 
Lower ring 
mass [kg]  
Carbon 
fiber ring 
mass [kg] 
Upper ring 
mass [kg] 
Total mass 
[kg]* 
Bolt mass 
[kg] 
PAS1194C 44,7 67,9 25,9 138,5 9,5 
Lightened 
PAS1194C  
35,2 37,8 23,6 96,6 7,7 
Table 4.4-Normal and lightened PAS 1194C versions masses 
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 Static analysis adapter 5. 
PAS 1194VS 
5.1.  Normal version 
 Static structural 5.1.1. 
To conduct a static study on the PAS 1194VS adapter the Static Structural 
feature from Analysis Systems of Toolbox is used with the model previously 
described from Design Modeler. The first step is to add the material in the 
Engineering Data which will be used in the following analysis, in particular the 
Epoxy_Carbon_Woven_350Gpa_Prereg and the 7010 T7451 aluminum alloy.  
After the initiation of the Mechanical environment for the Static 
Structural simulation, the thickness of the shell part must be specified, otherwise 
the program doesn’t recognized the solid component; as a first approximation, a 
temporary thickness value of 1mm can be used as this is irrelevant for the 
simulation itself, since ANSYS will read, in the next phase, the correct material 
and data from the ACP (pre) plug-in.  Instead, the 7010 aluminum alloy is 
associated to the upper part (Figure 5.1). 
 
Static analysis adapter PAS 1194VS 
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1. Mesh 
The model is meshed using different methods for each of the two parts. The 
lower part is meshed using a MultiZone Quad/Tri mesh method and, because of 
its simple shell shape the mesh obtained is regular (see Figure 5.2) 
Figure 5.1-Temporary thickness and 7010 aluminum alloy upper part (PAS 1194VS) 
Figure 5.2-Lower ring mesh (PAS 1194VS) 
Static analysis adapter PAS 1194VS 
41 
 
On the contrary, the mesh of upper part isn’t regular because the more complicate 
shape of the solid, this part is meshed using an automatic tetrahedron shape 
method. The mesh relevance is set to 20 (Figure 5.3). 
The entire mesh is shown in Figure 5.4 
Figure 5.3-Upper ring mesh (PAS 1194VS) 
Figure 5.4-PAS 1194VS mesh 
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1. Setup: load and boundary conditions 
During its operational life, the adapter will be bolted to the Ariane V structure; 
to simulate this condition a fixed support is used as constraint on the lower ring 
of the composite cone (Figure 5.5).  
The adapter is subjected to a wide range of static loads during the flight, from 
the Table 2.1 it can be seen that the heavier conditions occur during the Lift-off 
and the Pressure oscillation/SRB end of flight phases with both longitudinal 
and lateral accelerations. 
These accelerations are applied to the payload having a mass of 2650 kg; the 
resultant forces acting on the adapter are: 
                                        
                                   
                                         
                                   
The longitudinal forces are applied on the contact surface between the adapter 
and the payload, through the Force command. ANSYS automatically 
transforms the concentrated force as a pressure on the selected surface. 
 
Figure 5.5-Fixed support constraint (PAS 1194VS) 
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The lateral forces act on the same surface, but, this time, the Remote Force 
command allows the application of the force in the payload’s center of gravity 
(2,29 m from the base of the adapter) to take into account  bending moment 
effects. 
To simulate the jointed payload on top of the adapter, a solid prism has been 
added, made of a very rigid material with a negligible mass in the geometric model 
(not shown in the previous imagines). The principal purpose of this approximation 
is not to allow the contact surface to deform and stay plane. 
 Total deformation and equivalent stress 
After setup the structure is solved in the two different cases, lift-off and Pressure 
oscillation/SRB flight phase, in order to assess total deformation and equivalent 
stress. 
 Lift-off 
Total deformation is displayed, and in the red area, the maximum total 
deformation reaches the value of 0,44 mm on the metal upper part of the adapter 
(Figure 5.7) 
 
Figure 5.6-Longitudinal force acting on the contact surface (PAS 1194VS) 
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The equivalent stress reaches a maximum of 26,07MPa on both parts of the 
structure (Figure 5.8). 
Figure 5.7-Total deformation at lift-off, outer and inside views (PAS 1194VS) 
Figure 5.8-Equivalent stress at lift-off, outer view (PAS 1194VS) 
Static analysis adapter PAS 1194VS 
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 Pressure oscillation/SRB flight phase 
The total deformation has the maximum value of 0,37 mm on the metal 
upper part of the adapter (Figure 5.9). 
 
 
 
Figure 5.9-Total deformation of pressure oscillation/SRB flight phase, inner and outer views 
(PAS 1194VS) 
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The equivalent stress has a maximum of 22,98 MPa on both parts of the 
structure, as in the previous case (Figure 5.10). 
 
As can be deduced from the images provided the worst conditions are 
reached during the lift-off phase. The pressure oscillation phase, despite the higher 
compression acceleration, has a minor lateral force that produces a smaller bending 
moment on the structure. This aspect will be crucial in the next piece of analysis 
where the buckling of the structure will be analyzed, starting with these static 
conditions. 
Figure 5.10-Equivalent stress at pressure oscillation/SRB flight phase, outer and inside views 
(PAS 1194VS)   
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 Linear buckling  5.1.2. 
To analyze the buckling sensibility of this system in ANSYS, the  
Mechanical and Linear Buckling components have been used. In this ANSYS 
work environment, starting from a Static Structural setup, solves the structure and 
shows the modes of instability and the load multiplier. These factors are the 
eigenvalues of the instability problem, and when multiplied by the external loads 
give the buckling condition for the system. Every multiplier is associated to a 
different instability mode.  
The Linear Buckling analysis is added the previous static resolution (see 
Figure 5.11). 
In the Mechanical environment on the option 
Linear Buckling of the tree menu, it’s possible to define 
the details of the analysis. In the Analysis Setting the 
number of instability modes is set to 10. In this manner, 
ANSYS will find the first 10 load multipliers of the 
structure. If one of these is less than 1, then the structure 
undergoes buckling under the associated static load 
condition. 
The first situation to analyze is that of lift-off, the 
most stressful. The following load multipliers have been found (Figure 5.12).  
Figure 5.11-Insertion of linear buckling analysis in Project Schematic (PAS 1194VS) 
Figure 5.12-Load 
multiplier at lift-off (PAS 
1194VS) 
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The lower load multiplier is very high (nearly 31), this means that a load 31 
times the actual one would be required to take the structure to the first mode of 
instability (Figure 5.13). 
To check and confirm the results of this analysis, the buckling analysis has 
been repeated for the pressure oscillation/SRB end of flight phase. It would be 
expected that a higher sets of load multipliers would be required to induce 
buckling, given the lower load condition at lift-off. The simulation confirms this.  
The lower multiplier is higher than the first one of the previous case (34 vs 
31 in the lift off case) and the deformation of the first mode is also lower, as 
expected (Figure 5.14). 
Figure 5.13-First mode of buckling instability at lift-off (PAS 1194VS) 
Figure 5.14-Load multiplier and first mode of buckling instability at pressure oscillation/SRB end 
of flight phase (PAS 1194VS) 
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49 
 
The analysis shows that the structure is well sized for these load conditions. 
Moreover, in the most stressful phase of the flight the system reacts well to the 
external excitation with an acceptable level of stress on the material, far from the 
yielding condition of the aluminum alloy and from the break-up of the carbon fiber 
composite. Low deformations are equally important, to ensure that the satellite 
experiences no large displacements which would lead to a contact with the 
SYLDA lateral walls, which could result in catastrophic damage of the 
spacecraft’s internal structures. Finally, the high value of the load multiplier 
indicates that the structure will not experience buckling phenomena that would be 
very dangerous for the mission because of the very large deformations associated 
with them. 
 
 
 
 
 
 
 
 
 
 
 
 
Static analysis adapter PAS 1194VS 
50 
 
5.2.  Lightened version 
The static analysis for the PAS 1194VS lightened version has been 
conducted with the same steps used for the normal adapter, with the Static 
Structural and Linear Buckling work environment.  
 Static structural 5.2.1. 
The lightened PAS 1194VS materials are the same of the PAS 1194VS 
normal (Aluminum Alloy 7010 and Epoxy_Carbon_Woven_350Gpa_Prereg), but 
with a reduced thickness (for detail see Appendix A.2 - Lightened PAS 1194VS) 
and a mass decrease (Table 4.3). 
1. Mesh 
The overall mesh relevance has been set to 30 but with different option for each 
adapter part: 
- Upper aluminum part: Body Sizing with Element Size of 0,06 m 
- Lower carbon part: MultiZone Quad/Tri Method 
 
Figure 5.15-Lightened PAS 1194VS mesh 
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2. Setup: load and boundary condition 
The boundary condition (the fixed support) and the loads (the force and remote 
force) are also the same as those of the normal version adapter (Figure 5.16). 
However for this study only the most stressful load case has been considered, 
namely lift-off. 
                                        
                                   
 Total deformation and equivalent stress 
The total deformation for the lift-off is 8,42x10
-4 
m and occurs on the upper 
part of the adapter (Figure 5.17). 
Figure 5.16-Longitudinal force acting on the contact surface (lightened PAS 1194VS) 
Figure 5.17-Total deformation at lift-off (lightened PAS 1194VS) 
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The equivalent stresses again reach their maximum level on the metal part 
and equal to 62,42 MPa (Figure 5.18). 
 Linear buckling 5.2.2. 
After the static analysis, the linear buckling study has been done, too see if 
the lightened structure can resist without meet the buckling condition. Though the 
load multipliers were expected to be lower vs the normal case. The first load 
multiplier is in fact circa 13 (vs 31in the normal version), and so remains very high 
(Figure 5.19).  
Figure 5.18-Equivalent stress at lift-off (lightened PAS 1194VS) 
Figure 5.19-First mode of buckling instability at lift-off (lightened PAS 1194VS) 
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As seen in this study, despite a reduction in thickness, and higher resultant 
stresses, the lightened PAS 1194VS version can resist the loads of the most 
stressful phase of the mission with a high load multiplier.  
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 Dynamic analysis 6. 
adapter PAS 1194VS 
Starting from the same model used on the static analysis, two additional 
possible load conditions have been simulated on ANSYS, with variable behavior 
in time: the random vibration, related to acoustic loads, and the harmonic loads, 
related to engine operation and structural displacement of the launcher during the 
flight.  
For these simulations the Random Vibration and Harmonic Response 
ANSYS work environment have been used; both of these simulations have a 
modal analysis prerequisite, in order to know the natural frequencies and the 
deformation modes of the system. First, the adapter has been analyzed for modal 
behavior. 
6.1.  Normal version 
 Modal  6.1.1. 
In this environment (Figure 6.1), ANSYS needs to know the principal 
boundary conditions and the mass of the system. For this reason, the presence of 
the satellite on top of the adapter has been simulated with a prism that has a mass 
equal to the payload (2650 kg) and a high rigidity to simulate the clamp band 
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separation system at the 
interface. A boundary 
condition has been 
introduced in the form of a 
fixed support on the base of 
the carbon fiber part of the adapter, as in the 
case of static analysis. 
Further, the mesh settings are the 
same as in the previous case. 
The results of this analysis show that 
the structure has two sets of natural 
frequencies. The first 30 modes are listed in 
Figure 6.2. 
Modes 1 to 6 are related to the 
compliance of the connection between the 
carbon and the metal part, with bending or 
torsional behavior of the structure (Figure 
6.3). The others are related to the proper 
modes of the entire system and are 
characterized by higher frequencies. Notice 
that these frequencies are coupled, for the 
symmetry of the adapter geometry (Figure 
6.4).  
For the random vibration study the 
second set of frequencies will be used, 
because they are more serious in this kind of environmental loading.  
 
 
Figure 6.2-The first 30 natural frequencies 
(PAS 1194VS) 
Figure 6.1-Modal ambient in Project Schematic (PAS 1194VS) 
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Figure 6.4-Displacement of the 7th mode (PAS 1194VS) 
Figure 6.3-Displacement related to the 1 to 6 modes (PAS 1194VS) 
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 Random vibration 6.1.2. 
Once complete, the modal analysis can be related to the Random Vibration 
environment, using the same boundary condition and mass distribution of the 
modal study.  
The random vibrations, that affect the structure, are related to the acoustic 
environment within the Ariane 5 fairing, described by the SPL vs. frequency 
graphic in Figure 2.3. 
It’s necessary to convert 
this curve into a Power 
Spectral Density, because 
ANSYS Random Vibration 
environment only accepts 
inputs acceleration, velocity or 
displacement PSD.  In order to 
comply with this, a procedure 
described in Sarafin’s book (T.P.Sarafin, 1995) with a MATLAB calculation 
(Appendix B - PSD Matlab) has been used. The result is a g-acceleration PSD, 
which it is possible to insert in the ANSYS environment (Figure 6.6, Figure 6.7 
and Figure 6.8). 
Figure 6.7-g-acceleration PSD ([g
2
/Hz] vs [Hz]) (PAS 1194VS) 
Figure 6.6-PSD in Mechanical (PAS 1194VS) 
Figure 6.5-Random Vibration ambient in Project Schematic (PAS 1194VS) 
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To arrive at this result, attempts 
have been made with various natural 
frequencies of the system to evaluate 
which frequency is the most dangerous, 
with a higher resultant acceleration PSD. 
A decrease on the Power Spectral Density 
values was observed, and the worst PSD is related to the sixth/seventh mode at 
≈281 Hz. 
The sound pressure level data in the specification is discrete, so the 
MATLAB calculation gives a series of discrete results, from 31,5 to a 2000 Hz 
with an octave band spacing. From these results an extrapolated was carried out for  
the data between 200 Hz and 700 Hz, that are the most stressful, because they are 
higher and can excite the lower modes of the system. As a precaution, the direction 
of action of the PSD is set parallel to the axis of the adapter.  
Once this data has been entered, ANSYS is ready to solve the structure. 
ANSYS gives a root mean square (r.m.s.) of the data and the scale factor has been 
set to 3σ to obtain more accurate results, so the r.m.s has a higher value, but a 
lower probability of incidence.   
 Displacement 
As expected, the major 
displacements occur on the 
carbon fiber part in the vertical 
axis direction (y-axis) of the 
adapter, but they are comparable 
with the other directional 
displacements (Figure 6.9). 
             
                       
Figure 6.8-PSD tabular data (PAS 1194VS) 
Figure 6.9-Y-axis displacement  due to random vibration 
(PAS 1194VS) 
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 Equivalent stress 
The equivalent stresses reach their maximum on the carbon fiber part of the 
adapter with a value of: 
              
Moreover the stress is concentrated in a small band of the carbon fiber, and 
it for this reason that it is so high (Figure 6.10). This result is unexpected and much 
larger than the other adapters (as will be seen in the next chapters). Further 
analysis should be conducted for the most reliable results. 
Figure 6.10-Equivalent stress due to random vibration, inner and outer views (PAS 
1194VS) 
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 Harmonic response 6.1.3. 
The behavior of the structure under a harmonic load has been studied using 
the Harmonic Response environment (Figure 6.11). As for the random vibration 
analysis, this analysis in ANSYS requires a prerequisite modal resolution of the 
structure. As before, the satellite is simulated with a prism with equal mass, and 
the adapter’s bottom surface is fixed. 
As described in the specification, the harmonic loads acting on the system 
are concentrated in a 2-100 Hz frequency band, with longitudinal and axial 
contributions. The frequency range in the modal analysis is set at 0-400 Hz, to 
accommodate an ANSYS requirement 
for a larger range than that for the 
harmonic analysis. The damping ratio 
is set to 0,02. The total frequency 
range has been divided in 3 parts (as 
show in Table 6.1,  in which the 
harmonic accelerations are constant 
and every frequency range is split into 
10 intervals, with the solution method 
set to mode superposition (Figure 
6.12). 
 
Figure 6.12-Harmonic analysis settings (PAS 
1194VS) 
Figure 6.11-Harmonic Response environment in Project Schematic (PAS 1194VS) 
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Frequency 
range 
Lateral sine amplitude  
[g] 
Longitudinal sine amplitude 
[g] 
2-25 Hz 0,8 1 
25-50 Hz 0,6 1 
50-100 Hz 0,6 0,8 
 
The stress has been displayed with the 
maximum-over-frequency option (see Figure 
6.13), to visualize the worst conditions and 
with the frequency-of-maximum option to 
extract the frequency to use in the fatigue 
study. In the following Table 6.2, the results 
are reported for each case and the equivalent 
stresses are shown in Figure 6.14. 
 
Frequency 
range 
Maximum equivalent stress 
[MPa] 
Maximum equivalent stress 
frequency [Hz] 
2-25 Hz 4,68 25 
25-50 Hz 4,74 50 
50-100 Hz 11,18 100 
 
 
 
 
Table 6.1-Sine amplitude harmonic loads (PAS 1194VS) 
Table 6.2-Results of  Harmonic Response Analysis (PAS 1194VS) 
Figure 6.13-Equivalent stress settings 
(PAS 1194VS)  
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Figure 6.14-Equivalent stress due to harmonic loads, outer and inner views (PAS 1194VS) 
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6.2.  Lightened version 
 Modal 6.2.1. 
The results of this analysis show that the structure has two sets of natural 
frequencies. The first 12 modes are listed in Figure 6.15.  
Modes 1 to 6 are related to the compliance of the 
connection between the carbon and the metal part, with 
bending or torsional behavior of the structure. The others 
are related to the proper modes of the entire system and 
are characterized by higher frequencies. These 
frequencies are coupled, for the symmetry of the adapter 
geometry. 
 Random vibration 6.2.2. 
Following the same steps seen for the 
normal version of PAS 1194VS adapter, the 
data to entered in the ANSYS Random 
Vibration work environment (after the Modal 
study) are in Figure 6.16 and Figure 6.17. 
Figure 6.17-g-acceleration PSD ([g
2
/Hz] vs [Hz]) (lightened PAS 1194VS) 
Figure 6.16-PSD tabular data (lightened 
PAS 1194VS) 
Figure 6.15-The first 12 
natural frequencies (lighten 
ed PAS 1194VS) 
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 Displacement 
The displacements for lightened adapter are: 
             
               
              
The displacements are lower than the normal adapter case, because the total 
system movement is not concentrated in a small part of the adapter, but is more 
uniformly distributed (Figure 6.18). 
 
 Equivalent stress 
As for displacement, equivalent stress follows the same behavior, with a 
distributed trend in all over the adapter. As expected the maximum stress is lower  
             
Figure 6.18-Y-axis displacement due to random vibration (lightened PAS 1194VS) 
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and it occurs on the inner surface of the carbon fiber adapter part (Figure 6.19). 
 Harmonic response 6.2.3. 
The harmonic analysis of PAS 1194VS is performed using data of Figure 
2.2 in Harmonic Response environment (in the same way of the PAS 1194VS, 
see paragraph 6.1.3. ) with settings equal to the previous case. 
Frequency range 
Maximum equivalent 
stress [MPa] 
Maximum equivalent 
stress frequency [Hz] 
2-25 Hz 13,01 25 
25-50 Hz 25,43 50 
50-100 Hz 68,27 60 
As expected the stresses of the various load cases are higher, compared to 
the PAS 1194VS normal case. In Figure 6.20 is shown the case with the higher 
equivalent stress. 
  
 
 
Table 6.3-Results of  Harmonic Response Analysis (lightned PAS 1194VS) 
Figure 6.19-Equivalent stress to random vibration (lightened PAS 1194VS) 
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Figure 6.20-Equivalent stress due to harmonic loads, outer and inner views (lightened PAS 
1194VS) 
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 Static analysis adapter 7. 
PAS 1194C 
7.1.  Normal version 
 Static structural 7.1.1. 
The PAS 1194C materials are: 
- aluminum alloy 7075 T7351 for upper and lower rings; 
- Epoxy_Carbon_Woven_350Gpa_Prereg for middle cone. 
The procedure to assign the material is the same as explained previously for 
the PAS 1194VS adapter. 
1. Mesh 
The overall mesh relevance of the 
adapter is set to 40. Different mesh 
options have then been set for two 
components (Figure 7.1). 
Figure 7.1-PAS 1194C  mesh 
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- Upper aluminum ring: Body Sizing with element size of 0,06 m  
- Middle carbon ring: MultiZone Quad/Tri Method (as the PAS 1194VS adapter) 
2. Setup: load and boundary conditions 
See PAS 1194VS adapter. 
From the Table 2.1 it can be seen that the worst conditions occur during the 
Lift-off and the Pressure oscillation/SRB end of flight phases with both 
longitudinal and lateral accelerations. These accelerations are applied to the 
payload having a mass of 6310 kg, so, the acting forces on the adapter are: 
                                           
                                    
                                        
                                   
The remote force application point is 3 m from the adapter base. 
 Total deformation and equivalent stress 
 Lift-off 
The maximum total deformation is 1,03x10
-3 
m, and occurs in the inner part 
of the upper ring (see Figure 7.2). 
Figure 7.2-Lift-off total deformation (PAS 1194C) 
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The higher equivalent stress is 69,8 MPa, reached on the upper ring (Figure 
7.3).  
 
 Pressure oscillation/SRB flight phase 
The maximum total deformation is 6,5x10
-4 
m, and occurs in the inner part 
of the upper ring (see Figure 7.4). 
 
 
Figure 7.3-Lift-off equivalent stress (PAS 1194C) 
Figure 7.4-Pressure oscillation/SRB flight phase total deformation 
(PAS 1194C) 
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The higher equivalent stress is 49,09 MPa, and again, reached in the upper 
ring (Figure 7.5). 
 Linear buckling 7.1.2. 
The most stressful situation occurs during lift-off. The following load 
multipliers have been found and the smallest is 8,97 (Figure 7.6). This value is 
lower than the PAS 1194VS smallest multiplier as expected because of the heavier 
payload.  
 
 
Figure 7.5-Pressure oscillation/SRB flight phase equivalent stress (PAS 1194C) 
Figure 7.6-Load multipliers and 1th mode buckling displacement (PAS 1194C) 
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The analyzed adapter supports the worst load condition without any 
problem. The material is far from the yielding stress of the aluminum alloy and 
from the break-up of the carbon fiber composite. Again, the payload has no contact 
with the fairing because of low deformations. The structure will not suffer 
buckling instability, the load multipliers have relatively high values. 
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7.2.  Lightened version 
With the same steps in the Static Structural and Linear Buckling work 
environments, the static analysis for the PAS1194 VS lightened version has been 
done. The lightened PAS 1194C mass is  
 Static structural 7.2.1. 
The materials used for this light version are the same of the PAS 1194C 
normal (Aluminum Alloy 7075 for upper and lower ring and 
Epoxy_Carbon_Woven_350Gpa_Prereg for the central part), but with a reduced 
thickness (Appendix A.4 - Lightened PAS 1194C) and a mass decrease (Table 
4.4). 
1. Mesh 
The overall mesh relevance has been set to 50 but with different option for 
the metal and carbon part: 
- Upper and lower aluminum rings: Body Sizing with Element Size of 0,06 
m 
- Central carbon part: MultiZone Quad/Tri Method 
Figure 7.7-Lightened PAS 1194C 
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2. Setup: load and boundary condition 
The boundary condition (the fixed support) and the loads (the force and remote 
force) are the same of the normal version adapter (Figure 7.8). For the lift-off 
phase, the forces are: 
                                           
                                    
 Total deformation and equivalent stress 
The total deformation for this phase is 1,72x10
-3 
m and occurs on the higher 
metal ring of the adapter (Figure 7.9). 
Figure 7.8-Longitudinal force acting on the contact surface 
(lightened PAS 1194C) 
Figure 7.9-Total deformation at lift-off (lightened PAS 1194C) 
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The maximum equivalent stress is 111 MPa and it is located on the inner 
part of the carbon cone (Figure 7.10). 
 Linear buckling 7.2.2. 
Also for this lightened version the linear buckling study has been done, 
starting from the static structural with the same boundary conditions and loads 
applied. Because the higher stress, the load multipliers are expected to be lower. 
The first load multiplier is about 2,6, with respect to 8,97 in the normal case.  
 
Figure 7.10-Equivalent stress at lift-off (lightened PAS 1194C) 
Figure 7.11-First mode of buckling instability at lift-off (lightened PAS 1194C) 
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This analysis shows that the lightened version of the PAS 1194C can resist 
to the lift-off phase, but it’s dangerously close to the buckling limit: in fact a load 
multiplier of 2,6 means that an unexpected overload (possible during this phase) 
can lead to the failure of the structure and the mission.   
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 Dynamic analysis 8. 
adapter PAS 1194C 
8.1.  Normal version 
 Modal 8.1.1. 
The structure has two sets of natural frequencies, as before. The first 10 
modes are listed in Figure 8.1. 
Modes 1 to 6 are related to the 
compliance of the connection between the 
carbon and the metal part, with bending or 
torsional behavior of the structure. The others 
are related to the proper modes of the entire 
system and are characterized by higher 
frequencies. These frequencies are coupled, for 
the symmetry of the adapter geometry.  
 
 
Figure 8.1-The first 12 natural 
frequencies (PAS 1194C) 
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 Random vibration  8.1.2. 
The random analysis of the PAS 
1194C has been done with same procedure 
of the PAS 1194VS using Random 
Vibration Ansys environment.  
The tabular data and g-acceleration PSD to insert in the program is shown 
in Figure 8.2 and Figure 8.3, respectively. 
 Displacement  
             
               
              
In this case the displacements are ten times lower than the case of PAS 
1194VS. For illustration, in Figure 8.4, it is shown exclusively the major 
displacement (z-axis). 
Figure 8.3-g-acceleration PSD ([g
2
/Hz] vs [Hz]) (PAS 1194C) 
Figure 8.2-g-acceleration PSD Tabular data 
(PAS 1194C) 
Figure 8.4-Z-axis displacements due to random vibration (PAS 1194C) 
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 Equivalent stress 
 
 
The equivalent stresses, as the displacements, are different respect to the 
PAS 1194VS case. The structure reacts in a totally different way with minor 
stresses (σmax=5,82 MPa respect to 215,64 MPa) and the adapter is stressed 
uniformly. Consequently the displacements are lower as expected (Figure 8.5).  
 Harmonic response 8.1.3. 
The harmonic analysis of PAS 1194C is performed using data of Figure 2.2 
in Harmonic Response environment (in the same way of the PAS 1194VS, see 
paragraph 6.1.3. ). 
The analysis settings are equal to previous adapter. 
 
 
Figure 8.5-Random Vibration equivalent stress due to random vibration (PAS 1194C) 
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Frequency range 
Maximum equivalent 
stress [MPa] 
Maximum equivalent 
stress frequency [Hz] 
2-25 Hz 5,87 25 
25-50 Hz 7,61 50 
50-100 Hz 35,35 85 
 
 
Table 8.1-Analysis results (PAS 1194C) 
Figure 8.6-Equivalent stress due to harmonic loads (PAS 1194C) 
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8.2.  Lightened version 
 Modal 8.2.1. 
The lightened PAS 1194C has two sets of natural frequencies, as before. 
The first 10 modes are listed in Figure 8.7. 
Modes 1 to 6 are related to the compliance of the 
connection between the carbon and the metal part, with 
bending or torsional behavior of the structure. The 
others are related to the proper modes of the entire 
system and are characterized by higher frequencies. 
These frequencies are coupled, for the symmetry of the 
adapter geometry. 
 Random vibration 8.2.2. 
With the same procedure seen before, in 
the figure adjacent (Figure 8.8) are shown the 
PSD data to insert in ANSYS Random 
Vibration environment (after the Modal 
study). 
 
Figure 8.8-PSD tabular data (lightened 
PAS 1194VS) 
Figure 8.9-g-acceleration PSD ([g
2
/Hz] vs [Hz]) (lightened PAS 1194C) 
Figure 8.7-First 12 natural 
frequencies (Lightened PAS 
1194C) 
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 Displacement 
The displacements for this type of mechanical environment are: 
             
               
              
The displacements are a higher order of magnitude than the normal adapter 
version. As shown in figure the higher displacements are located on the carbon 
central part of the adapter. 
 Equivalent stress 
The equivalent stress is distributed over the adapter, across both carbon and 
metal parts. The maximum value, higher than in the normal case, occurs on the 
carbon part: 
              
 
Figure 8.10-Z-axis displacement due to random vibration (PAS 1194C) 
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 Harmonic response 8.2.3. 
The harmonic analysis of PAS 1194C lightened is performed with the same 
procedure used for the normal adapter in Harmonic Response. 
 
Frequency range 
Maximum equivalent 
stress [MPa] 
Maximum equivalent 
stress frequency [Hz] 
2-25 Hz 12,29 25 
25-50 Hz 30,72 50 
50-100 Hz 241,96 65 
Table 8.2- Results of  Harmonic Response Analysis (lightned PAS 1194C) 
Figure 8.11-Equivalent stress due to random vibration (lightened PAS 1194C) 
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Due to a lower thickness the equivalent stresses in the various cases are 
larger, with a very high value for the 50-100 Hz frequency interval. Figure 
 
 
 
 
Figure 8.12-Equivalent stress due to harmonic loads (lightened PAS 1194C) 
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 Material strength 9. 
9.1.  Fatigue 
An important aspect of this study is the evaluation of the material fatigue. 
The carbon composite parts are not affected by this problem, but the metal parts 
like the upper rings, made of aluminum alloy, or the bolts are susceptible to fatigue 
related failure. In this section, fatigue effects will be evaluated for the principal 
load condition of the two adapters. 
Despite the short component life, fatigue is a crucial aspect because the 
frequencies of the loads are high on all the flight conditions, and will therefor lead 
to a high number of load cycles. 
The loads that will be analyzed for the fatigue study are acoustic, harmonic 
and quasi-static loads. For the acoustic and harmonic cases, the loads will be 
considered to be purely 
alternate and with the 
equivalent stress; using 
ANSYS analysis it’s 
possible to consider the 
cyclic load with R=0 
(R=σmin/σmax). t 
σeq 
σa 
σm 
Figure 9.1-Sine load history with R=0 
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In the case of quasi-
static loads (Table 2.1) the 
load history also has a 
sinusoidal behavior but with 
R<1. 
σmin is the equivalent 
stress related to only the 
static acceleration, while 
σmax is linked to static and 
dynamic acceleration. The stress values calculated will be included later in a 
Goodman diagram to evaluate the fatigue life of the adapters metal part. 
Moreover, in order into account the presence of the joint holes, a fatigue 
concentration factor will be uses, with Kf set to 2,4.  
 Material fatigue behavior  9.1.1. 
Before the adapter analysis, the principal fatigue characteristics of the 
metals used must be derived.  
To find the infinite life data for these materials and the experimental fatigue 
life curves, the procedure explained in Juvinall-Marshek (R.C.Juvinall, 2011) has 
been used. This procedure starts using the fundamental information about the 
materials to derive a set of data to establish fatigue behavior to a good degree of 
accuracy and with a conservative bias. This cautious approach is justified, because 
of the high reliability requirement associated with these components.  
 7010 aluminum alloy 
7010 aluminum alloy is the material of the upper frame of the adapter PAS 
1194VS. The mechanical characteristics of the material are: 
 
t 
σeq 
σm 
σa 
σmax 
σmin 
Figure 9.2-Sine load history with R<1 
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the ultimate tensile stress  
          
and the yield stress: 
          
To study the fatigue phenomena related to alternate loads with R=-1, S-N 
curve of material is used. It is necessary to know the value of infinite life strength 
(5x10
8
  cycles) and the 10
3
 cycles strength.  
For a 5x10
8
  cycles life, the infinite life stress is 
                           
with S’n=0,35Su, CL=1, CG=1, CS=0,8, CT=1 and CR=0,753. 
and for the 10
3
  cycles life: 
                        
with CT=1. 
The S-N curve is shown in Figure 9.3.  
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Figure 9.3-S-N curve of 7010 aluminum alloy 
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To take account of the alternate loads in all other cases with generic R, the 
Goodman diagram (or constant fatigue diagram) must be built starting from the S-
N curve. 
 
 
 7075 aluminum alloy 
The same considerations can be taken into account as for the upper and 
lower ring material of the PAS1194C adapter. 
The ultimate tensile stress is 
          
And the yield stress is 
          
For a 5 x 10
8
 cycles life, the infinite life stress is 
    
 
                     
with S’n=0,35Su, CL=1, CG=1, CS=0,8, CT=1 and CR=0,753. 
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Figure 9.4-Goodman diagram of 7010 aluminum alloy 
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and for the 10
3
 cycles life: 
                        
with CT=1 
 
Then the Goodman diagram is: 
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Figure 9.5-S-N curve of 7075 aluminum alloy 
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Figure 9.6-Goodman curve of 7075 aluminum alloy 
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 Adapter fatigue analysis 9.1.2. 
9.1.2.1. Normal version 
 PAS 1194VS 
 Acoustic loads 
From the data of the SPL in the fairing, the most stressful loads for the 
structure are in the frequency interval between 100 and 500 Hz with a totally 
alternate behavior at various frequencies.  
From the F.E.A.:  
                   
                                   
From the hypothesis of R = 0 
      
    
 
         
        
     
 
         
This working point can be inserted in the Goodman diagram. 
For an estimate of cycles, the load frequency considered is the higher of the 
interval, 500 Hz. The time can be obtained from the graphic of altitude vs. time of 
the launcher (Figure 1.7). To a good approximation, the acoustic loads can be 
considered relevant under an altitude of 10.000 m; the relevant time taken from the 
graphic is therefor about 150 s. 
The number of cycles is: 
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 Harmonic loads 
Under a frequency of 100 Hz all the load environments can be considered 
harmonic with a perfectly sinusoidal shape of various frequencies. In this case, 
there are also mechanical loads, due to the motion of the launcher or to engine 
operation, so the time of application of these loads is largest in the acoustic case, 
about 1500 s, representing the time at which of the second cryogenic stage burn-
out occurs. 
From the ANSYS simulation the maximum equivalent stress due to this 
load environment is: 
                    
                                    
and they occur both at 100 Hz. 
Also in this case, the use of the equivalent stress leads to the R = 0 cycles 
situation. 
      
          
 
         
        
           
 
          
This is the harmonic working point to insert in constant life diagram. 
For this type of load the number of cycles is: 
                     
 
 Quasi-static loads 
All these results can be resumed in a Goodman curve that is, in terms of 
quasi-static loads, representative of the more severe conditions at any instant of the 
Material strength 
94 
 
mission.  The load history has a sinusoidal behavior, but with R different to zero. 
The minimum equivalent stress is related to the static axial load and the maximum 
is related to the static + dynamic situation.  
So from the F.E.A.: 
                  
                   
                   
                    
To find the alternate stress: 
        
                    
 
          
                  
And the medium stress: 
        
                    
 
          
                  
In first approximation the cycles of this load condition can be considered the sum 
of the cycle due to the harmonic and acoustic environment. 
                                  
Now it’s possible to see the result on the Goodman diagram.  
 
 
 
Material strength 
95 
 
 PAS 1194C 
The same aspects can be considered for the second adapter. The load 
conditions are also the same but the material is different, here an aluminum alloy 
7075. The discussion of the results of this analysis has been completed only for the 
upper aluminum ring, because in all load conditions, it is this element that 
experiences the highest level of stress. 
 
 Acoustic Loads 
From ANSYS: 
                      
                      
                  
          
 
         
                    
           
 
         
With a frequency of 500 Hz: 
                    
 
 Harmonic Loads 
From ANSYS: 
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The load frequency is ≈85Hz and the cycles are: 
                     
 
 Quasi-static 
So from the F.E.A.: 
                  
                    
                   
                     
To find the alternate stress: 
       = 
                
 
          
                   
And the medium stress is: 
       = 
                 
 
          
                   
Number of cycles: 
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9.1.2.2. Lightened version 
 PAS 1194VS 
The lightened version of the PAS1194VS has the metal upper part made by 
aluminum alloy 7010 with a reduced thickness (compared to the normal 1194VS) 
and will be studied using the same methodology as for the normal adapters.  
 
 Acoustic Loads 
From ANSYS: 
                       
                      
                  
          
 
          
                    
           
 
          
Considering the most stressful situation the frequency is 500 Hz and the total 
cycles are: 
                    
 
 Harmonic Loads 
From ANSYS, on the higher ring: 
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These stresses occur with an harmonic excitation at 60 Hz. So, the total number of 
cycles is: 
                     
 
 Quasi-static 
So from the F.E.A., on the higher ring: 
                  
                    
                   
                     
To find the alternate stress: 
       = 
                
 
          
                   
The medium stress is: 
       = 
                 
 
          
                   
And the cycle number is: 
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 PAS 1194C 
Now, it will be examined the lightened version of the PAS1194C, made by 
the same aluminum of the normal version (aluminum alloy 7075) but with a 
reduced thickness. For this study, it will be specified whether it is the higher ring 
or the lower ring that experiences the greatest stress.  
 
 Acoustic Loads 
From ANSYS, on the lower ring: 
                       
                      
                  
          
 
          
                    
           
 
          
Considering the most stressful situation the frequency is 500Hz and the total cycles 
are: 
                    
 
 Harmonic Loads 
From ANSYS, on the higher ring: 
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These stresses occur with a harmonic excitation at 65Hz. So, the total number of 
cycles is: 
                     
 
 Quasi-static 
So from the F.E.A., on the higher ring: 
                  
                    
                   
                     
To find the alternate stress: 
       = 
                
 
          
                    
The medium stress is: 
       = 
                 
 
          
                    
And the cycle number is: 
                    
For a greater clarity, the results are shown in summarizing tables (Table 
9.1). 
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Adapter Load σa[MPa] σm[MPa] σ'a[MPa] σ'm[MPa] N 
PAS 1194VS 
Acoustic 3,80 9,12 75000 
Harmonic 5,65 13,55 150000 
Quasi-
static 
11,09 15,20 26,62 36,48 225000 
PAS 1194C 
Acoustic 2,57 6,16 75000 
Harmonic 17,68 42,42 127500 
Quasi-
static 
31,87 37,94 76,48 91,04 202500 
Table 9.1-Summarizing tables of fatigue for normal.and lightened adapters 
Adapter Load σa[MPa] σm[MPa] σ'a[MPa] σ'm[MPa] N 
lightened 
PAS 1194VS 
Acoustic 14,08 33,79 75000 
Harmonic 34,14 81,92 90000 
Quasi-
static 
26,23 36,12 62,94 86,87 165000 
lightened 
PAS 1194C 
Acoustic 11,43 27,42 75000 
Harmonic 93,87 225,29 97500 
Quasi-
static 
42,95 50,15 103,08 120,36 172500 
Material strength 
102 
 
In the following all Goodman diagrams are shown.  
x = quasi-static loads 
*= harmonic loads 
+= acoustic loads 
5x10
8 
cycles 
σm [MPa] 
σa [MPa] 
5x10
8 
cycles 
x = quasi-static loads 
*= harmonic loads 
+= acoustic loads 
σa [MPa] 
σm [MPa] 
Figure 9.7-Goodman diagrams for PAS 1194C without and with Kf 
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x = quasi-static loads 
*= harmonic loads 
+= acoustic loads 
5x10
8 
cycles 
σm [MPa] 
σa [MPa] 
x = quasi-static loads 
*= harmonic loads 
+= acoustic loads 
σm [MPa] 
5x10
8 
cycles 
σa [MPa] 
Figure 9.8-Goodman diagrams for PAS 1194VS without and with Kf 
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* = quasi-static loads 
x= harmonic loads 
+= acoustic loads 
σm [MPa] 
σa [MPa] 
5x10
8 
cycles 
10
7 
cycles 
* =quasi-static loads 
x =harmonic loads 
+ = acoustic loads 
 
σa [MPa] 
σm [MPa] 
5x10
8
cycle
s 
10
7
cycles 
10
6
cycles 
10
5
cycles 
10
4
cycles 
Figure 9.9-Goodman diagram for lightened PAS 1194C without and with Kf 
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* = quasi-static loads 
x = harmonic loads 
+ = acoustic loads 
 
5x10
8
cycles 
σm [MPa] 
σa [MPa] 
σm [MPa] 
σa [MPa] 
x =quasi-static loads 
* =harmonic loads 
+ = acoustic loads 
 
5x10
8
cycles 
Figure 9.10-Goodman diagram for lightened PAS1194VS without and with Kf 
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 Final remarks 
The results of the previous study show that the normal version of the 
adapters can resist the cyclic loads for the entire mission duration. In facts, the 
working point, even in the case of stress concentration, are below the 5x10
8
 cycles 
line (that means a life over this value) while the maximum cycle number of the 
mission is about 225000.  
The lightened PAS1194VS version also has no fatigue problem: the quasi-
static working point with concentration factor is on the 5x10
8
 cycles line. For the 
same considerations as before, this adapter shows no sensibility to fatigue (Figure 
9.10). 
Conversely the lightened PAS 1194C version shows a fatigue problem near 
the joint holes: the quasi-static working point on Goodman diagram is over the 104 
cycle line while the mission cycles are in first approximation 172500. In addition 
the material undergoes yielding because the working point is also over the material 
yielding line (Figure 9.9). In order to overcome this problem, the metal structure of 
this lighter adapter would need to be built of a different material with higher 
fatigue properties. 
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9.2.  Tsai-Wu failure criterion 
To evaluate the strength of carbon fiber adapter cones the Tsai-Wu failure 
criterion will be used in the ACP (Post) environment. 
The Tsai–Wu failure criterion is a phenomenological material failure theory 
that is widely used for anisotropic composite materials which have different 
strengths in tension and compression. This failure criterion can be expressed in the 
form 
               
where i,j=1…6  and repeated indices indicate summation, and Fi, Fij  are 
experimentally determined material strength parameters. The stresses σi are 
expressed in Voigt notation. If the failure surface is to be closed and convex, the 
interaction terms Fij must satisfy 
          
    
which implies that all the Fii terms must be positive (R.M.Jones, 1999).  
Applying this criterion in ACP, a safety factor with respect to the failure condition 
is obtained, for each carbon fiber part. 
In order to implement the Tsai-Wu criterion on each layer, during the Solid 
definition in ACP (pre) the Modeling Ply Wise option has been selected, 
differently from the previous procedures. 
The results, summarized in the Table 9.2, represent the lowest safety factor for 
each adapter.   
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Adapter Safety factor 
PAS 1194VS 12,8 
Lightened PAS 1194VS 5,53 
PAS 1194C 6,46 
Lightened PAS 1194C 2,34 
 
The figures in next pages (Figure 9.11and Figure 9.12) show the results 
obtained whit ANSYS (note the counterintuitive chromatic scale: lower safety 
factors are blue). 
Table 9.2-Tsai-Wu criterion safety factors 
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Figure 9.11-PAS 1194VS normal and lightened version safety factors 
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 Final remarks 
The safety factors obtained are high for all adapters except for the lightened PAS 
1194C version. For this reason, it is advisable to repeat the analysis with a higher 
number of layers even if it is linked to an obvious increase in weight. 
 
Figure 9.12-PAS 1194C normal and lightened version safety factors 
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9.3.  Fracture mechanics 
The crack growth due to the cyclic loads is expressed in function of crack 
propagation over one cycle. The typical behavior of crack length vs time is 
characterized by increasing velocities until critical conditions are reached (unstable 
propagation).  
 Linear-Elastic Fracture Mechanics (LEFM) 9.3.1. 
Linear-elastic fracture mechanics theory relates stress and crack size to 
obtain the stress intensity at the crack tip and assumes stress is proportional to 
strain. Stress intensity is therefor a function of stress and crack size, with units of 
MPa∙√m or ksi∙√in. 
In fracture mechanics analysis, the cycling-loading life for a part that 
contains a crack is predicted; in most situations the crack grows in mode I 
(opening mode, normal load). 
Usually the rate of crack growth da/dN (where ‘a’ is the crack size and N is 
the cycle numbers) is plotted with respect to the range of stress intensity ΔK=Kmax-
Kmin (K is the stress intensity factor). The da/dN curve, with an S shape in bi-
logarithmic scale, is used to calculate crack growth in three stages (Figure 9.13).  
1) In stage I, the stress intensity range, ΔK, is small, and cracks grow very little 
for cycle of load. Beneath ΔK=ΔKth the threshold stress intensity range, cracks 
essentially don’t grow. 
2) In stage II, the curve appears linear following the Paris equation  
  
  
        
     where C and N are material-dependent parameters selected to match test data.  
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3) In stage III, at high values of ΔK, the curve again becomes nonlinear. Crack 
growth becomes rapid and unstable at the critical stress intensity KIc (KIc is the 
plane strain fracture toughness). 
An empirical relation to describe stage II and III is the Walker equation: 
  
  
 
      
   
    
   
  
 
In this analysis, a defect is assumed to exist, originating during machining 
or assembly, on the edge of the PAS 1194C adapter’s lateral hole. Two cases will 
be examined. 
- Case 1) 
Starting with an initial crack length, an estimation is made of the number of  
cycles to reach a critical condition, assuming that failure occurs when the crack 
length arrives at 90% distance between two holes. 
- Case 2) 
With an approximate cycle number (obtained from the fatigue study), the 
maximum initial crack length is evaluated. 
Figure 9.13-da/dN curve 
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In both cases the following relation has been used, obtained from the Paris 
formula: 
    
 
    √     ∫   √    
 
 
   (   √   )
  
        
where ΔN12 is cycle number, w is the plate width, Δσ is the applied stress, Y is 
geometric factor and α=a/w. The critical values are associated to the crack critical 
length.  
The resolution will be achieved using Matlab and the geometry used is 
displayed in Figure 9.14. 
 
The common values for both cases are: 
            
            
       
a 
Δσ 
Δσ 
Figure 9.14- Schematic representation of crack between two holes 
Material strength  
114 
 
  
    
   
 
           
C and n come from NASGRO database and Y is from Fundamentals of 
Machine Component    Design book (R.C.Juvinall, 2011).  
 
 Case 1) 
Input data 
         
and from Matlab calculation 
            
         
 
 Case 2) 
Input data 
            
         
obtained by adding the cycle number related to harmonic and acoustic 
loads. In this case, the result is: 
          
 
 Final remarks 
As can be seen from the results, the piece is susceptible to initial defects. It 
is therefor recommended that great care is taken during manufacturing and ground 
handling to avoid the generation of defects that could result in sudden failures 
during the mission.  
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A linear-elastic fracture mechanics approach has been used for this initial 
analysis. In order to obtain more refined results, prediction of crack growth can 
been done using a program such as NASA/FLAGRO
1
 and then substantiated with 
ground tests. 
 
 
                                            
1 NASA/FLAGRO is an aid in predicting the growth of pre-existing flaws and cracks in structural 
components of space systems. NASA/FLAGRO provides the fracture mechanics analyst with a 
computerized method of evaluating the "safe crack growth life" capabilities of structural components. 
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 Bolted joints 10. 
For all joints, the Hi-Lok fasteners have been chosen. 
10.1.  Hi-Lok features 
The patented, high strength Hi-Lok is basically a threaded fastener which 
combines the best features of a rivet and a bolt. The fastener consists of a threaded 
pin and collar or nut. The collar is designed so that its hex head will shear off on 
installation at a predetermined torque level. The pin is provided with a hex recess 
in its threaded end for restraining the pin against rotation during collar installation. 
Threaded pins are available in aluminum, steel, stainless steel and titanium. They 
have several advantages, including minimum size and weight, a simple, rapid 
installation and a controlled preload (Hi-Shear Corporation, 1991). 
The pin is designed in two basic head styles for shear and tension 
applications. The self-locking, threaded Hi-Lok collar has an internal counterbore 
at the base to accommodate variations in material thickness. It is very important 
that the proper Hi-Lok collar be used with the selected Hi-Lok pin head style 
(shear or tension types) to maintain a proper design balance between the pin and 
the collar (Appendix C.1 - Pin and collar dimension and specifics). 
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The basic part number indicates the assembly of the pin and the collar part 
numbers. 
Figure 10.1-Typical pin and collar assembly 
 
Figure 10.2-Pin and collar  part number 
Bolted joints 
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10.2.  PAS 1194VS 
During the mission, there are no stringent requirements on adapter 
temperature, also the pin protruding tension head is chosen, according to the type 
design application (as explain later), in all cases of the PAS 1194VS adapter 
fasteners. A likely selection is HL20 part number pin. The recommended 
companion Hi-Lok collar is HL86 (Appendix C.1 - Pin and collar dimension and 
specifics). 
In the following it has been assumed that there are 164 bolts in the middle 
joint and 244 at the adapter base, as reported in the Ariane 5 User’s Manual. 
 To examine the worst tensile condition for the joints, two critical 
accelerations will be studied, from the Table 2.1, (1) the maximum longitudinal 
tensile acceleration, 2,5 g, reached during the SRB jettisoning critical flight event 
and (2) the maximum lateral acceleration, 2 g, during the lift-off and aerodynamic 
phases. In these cases, the bolted joint supports a tensile stress, which also explains 
why the HL20 pin type has been chosen. The pin dimensions (grip length and 
diameter) are selected according to structure thickness. Dimensions and specifics 
of HL20 pin and HL86 collar are included in Appendix C.2 - HL20 & HL18 pins, 
HL86 & HL94 collars 
Table 10.1-Pin and collar selection. 
PAS 
1194VS 
Joint 
Pin basic 
part 
number 
Collar 
basic 
part 
number 
Thickness 
structure 
[mm] 
First 
dash 
number 
[inch] 
Pin 
diameter 
[inch] 
Normal 
version 
Middle HL20 HL86 15,84 10 5/16 
Base HL20 HL86 15,84 10 5/16 
Lightened 
version 
Middle HL20 HL86 12,7 8 1/4 
Base HL20 HL86 12,7 8 1/4 
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From the calculations made with the help of Matlab the worst condition 
turns out to be that result of 2 g lateral acceleration. For clarity, the results will be 
reported in tabular form table, while the procedure written in Matlab is shown in 
the Appendix C.4.  
PAS 1194VS Joint 
Fi 
(Pin preload) 
[N] 
Fe-t 
(External 
tensile force) 
[N] 
Fe-b 
(External 
bending 
force) 
[N] 
Normal 
version 
Middle 1.35∙104 6.10∙102 1.36∙103 
Base 1.35∙104 4.21∙102 5.92∙102 
Lightened 
version 
Middle 8.45∙103 4.84∙102 1.35∙103 
Base 8.45∙103 4.14∙102 5.83∙102 
 
For completeness bolt triangular diagrams are also displayed, allowing a 
simple visualization of the trend of forces in the bolt and in the fittings to vary the 
external force.  
  
Table 10.2-External force acting on most stressed pin (PAS 1194VS) 
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Figure 10.3-Bolt triangular diagrams, green line represent Fc (tensile pin force) and blue line Fb 
(compression fitting force); middle and base joints of PAS 1194VS normal version. 
Bolted joints 
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 Final remarks 
In all cases, the external forces do not zero the preload, so the joint does not 
experience tension failure, even in the lighter version. For more accurate results, a 
more accurate geometry should be modeled and the behavior of middle joint 
should be considered; in this analysis a rigid rotation of the fastener has been 
assumed plane around the diameter.   
Figure 10.4-Bolt triangular diagrams, green line represent Fc (tensile pin force) and blue 
line Fb (compression fitting force); middle and base joint of PAS 1194C normal version. 
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10.3.  PAS 1194C 
To examine the worst tensile condition for the base joint, two critical 
accelerations will be studied as see before for the PAS 1194VS adapter. To assess 
the upper and lower ring shear stress, a local reference frame sloping along the 
surface has been used for the lift-off loads, the most critical condition.  
 
 
 
PAS 
1194C 
Joint 
Pin basic 
part 
number 
Collar 
basic 
part 
number 
Thickness 
structure 
[mm] 
First 
dash 
number 
[inch] 
Pin 
diameter 
[inch] 
Normal 
version 
Base HL20 HL86 15,8 10 5/16 
Upper 
ring 
HL18 HL70 15,8 10 5/16 
Lower 
ring 
HL18 HL70 15,8 10 5/16 
Lightened 
version 
Base HL20 HL86 12,7 8 1/4 
Upper 
ring 
HL18 HL94 10,3 8 1/4 
Lower 
ring 
HL18 HL94 10,3 8 1/4 
Table 10.3-Pin and collar selection 
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The PAS 1194C base fastener results are listed in Table 10.4and the bolt 
triangular diagrams are shown in Figure 10.5, obtained as before. 
Adapter Joint 
Fi 
(Pin preload) 
[N] 
Fe-t 
(External tensile 
force) 
[N] 
Fe-b 
(External 
bending force) 
[N] 
PAS 1194C Base 1,35∙10
4
 9,72∙102 1.37∙103 
Lightened 
PAS 1194C 
Base 8,45∙103 9,66∙102 1.36∙103 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 10.4-External force acting on most stressed pin (PAS 1194C) 
Figure 10.5-Bolt triangular diagrams for normal and lightened base joint versions, green line 
represent Fc (tensile pin force) and blue line Fb (compression fitting force) 
Bolted joints 
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Differently from the other case, the upper and lower ring joints work with 
shear loads (for each joint 112 bolts have been assumed).  
A first verification is to check the shear tear out sensibility of the joint. The 
edge distance ratio e/D (where e is the hole distance from edge and D is the hole 
diameter) is 3,75, greater than the 1,5 limit value.  
In first approximation it has been considered that the joint works by friction. 
The preload is: 
                    
where At=37,42∙10
-6 
mm
2
 is the resistant area and Sp=400 MPa is the allowable 
yield load (equal to Sp=0,85∙Sy). Assuming a 0.4 frictional coefficient between 
plates, the maximum force exchanged between fittings by friction is obtained with  
                    
This value must be compared with 
actual force by F.E.A.. The stress 
obtained by Ansys is σnom 62,7 Mpa 
with a stress concentration factor of 
2,4.  
                    
As seen the joint cannot work by 
friction, as expected.  
To obtain more reliable results, 
each fitting must be checked for 
bearing failure that is the result of a fastener’s contact force acting on the surface 
of the fitting inside the fastener hole. The bearing load for aluminum is  
                         
where D=7,94mm is the pin diameter and tal=5,7 mm is the aluminum thickness 
F 
F 
Figure 10.6-Joint shear force  
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The value found should be compared with the yield load Py 
                   
       
In conclusion, the aluminum joint is not sensible to bearing failure. 
With analogous considerations the carbon fiber surely resists because it has 
higher mechanical properties with lower applied loads. 
The same procedure can be used for the lighter version and the results are  
                         
                   
where D=6,35 mm, At=23,48 mm
2,
 σnom=91,5 MPa and tal=4 mm. 
And again 
       
For the carbon fitting the same consideration are true as for normal version. 
 Final remarks 
The PAS 1194C tension joints do not experience tension failure because the 
external forces do not reach the pin preload. The shear fasteners can’t transmit 
forces only by friction. The bearing failure has also been analyzed and the fitting 
holes don’t present permanent deformation. 
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 Conclusions 11. 
The first part of this study focuses on the description and analysis (static 
and dynamic) of the PAS 1194VS and PAS 1194C Ariane 5 adapters. To examine 
the optimization of the mass (with an initial 30% reduction) analyses have been 
repeated on lightened adapter version. The materials designated for the 
construction of these adapters are 7075 and 7010 aluminum alloys (from the 
Ariane 5 User’s Guide) and a carbon fiber composite which was specially 
developed (due to a lack of related literature).  
The static and dynamic analysis results, obtained using Ansys, have been 
derived from simplified models, to which the most serious load conditions related 
to critical flight events have been applied.  
The modal analysis has been conducted as a prerequisite to the subsequent 
study of the acoustic and harmonic loads. The first vibrational modes are listed in 
the following table. 
Vibrational 
mode 
PAS 1194VS PAS 1194C 
Lightened 
PAS 1194VS 
Lightened 
PAS 1194C 
1° 281 325 252 243 
2° 291 327 255 248 
3° 298 343 257 254 
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For the random vibration analysis a Matlab procedure has been developed 
to convert the Sound Pressure Level within the fairing (provided by the Ariane 5 
User’s Guide), in a g-Pressure Spectral Density as required within the Ansys work 
environment. 
To complete the dynamic analysis the adapters were submitted to the 
harmonic load environment provided in the Ariane 5 manual, that consists in 
various lateral and axial acceleration in the 2-100 Hz frequency range. 
The loads applied in static structural analysis are the combination of the 
most severe loads (static, harmonic, acoustic and shocks) encountered during the 
lift-off, when the loads reach their maximum. 
The results are shown in the following table. 
Adapter 
Static analysis Dynamic analysis 
Static 
structural 
Linear 
buckling 
Random 
vibration 
Harmonic analysis 
Stress 
[MPa] 
Load 
multiplier 
Stress 
[MPa] 
Stress 
[MPa] 
Freq. 
[Hz] 
PAS 1194VS 26,07 31,44 215,64 11,18 100 
PAS 1194C 69,80 8,97 5,82 35,35 85 
Lightened 
PAS 1194VS 
62,42 13,11 33,07 68,27 60 
Lightened 
PAS 1194C 
111 2,66 26,42 241,65 65 
 
The equivalent stress obtained from PAS1194VS random vibration analysis 
is an order of magnitude higher than other cases because the PSD related load is 
not distributed across the entire structure, as the other adapters, but is localized in 
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an inner restricted area of carbon fiber ring. This result is unexpected and further 
analysis should be conducted for the most reliable results. 
Given the large hole and fastened joint number, particular attention has been 
given to fatigue, fracture mechanics and joint strength. 
Because of the dynamic nature of the stresses, the fatigue study on the 
adapter metal rings was necessary to examine if they encounter fatigue failures 
during their operating life. The harmonic and acoustic cases and the quasi-static 
most severe condition (lift-off) have been considered and the Goodman diagrams 
have been drawn for each adapter. To take into account the presence of the bolt 
holes the 2,4 fatigue stress concentration factor has been selected. 
The Hi.Lok fasteners have been chosen for all joints and a suitable head has 
been selected each time according to tension or shear application. The pin 
dimensions are directly related to thickness fittings. For the tension joints, the pin 
preload is always greater than the external forces, therefore the joints should not 
experience tension failure. For the shear joints (only present in PAS 1194C 
adapter) pure friction transmission is not possible, as expected. The joint has also 
been tested for bearing failure and both aluminum and carbon fittings are shown 
not to be sensible to failure and do not present permanent deformation. This bolted 
joint study is to be considered a first attempt because of the numerous variables 
that need to be taken into account, such as bolt type, hole numbers and fitting 
thickness. 
Finally, as expected in this reverse-engineering exercise, the study of the 
performance of the normal adapters did not reveal critical issues. 
The results obtained for the lightened version of the PAS 1194VS are 
satisfactory, and this approach – albeit with some simplifications - suggest that an 
even greater mass reduction could be modeled. 
However, the lightened version of the PAS 1194C results in a load 
multiplier that is dangerously close to critical for buckling (and with a multiple 
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that is considerably lower than in the other load cases). Given the critical nature of 
adapter structures for the mission accomplishment, further verifications would be 
necessary to validate performance. Moreover, fatigue analysis show that this 
version is affected by fatigue problems and therefore a metal with higher fatigue 
strength would need to be chosen for it to be viable. Ultimately, this study suggests 
that for the PAS 1194C adapter, a 30% mass reduction could be excessive. 
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Appendix A - Mechanical drawing 
Appendix A.1 - PAS 1194VS 
General view 
Appendix A.1 - PAS 1194VS 
133 
 
Lower cone 
A-A section 
Appendix A.1 - PAS 1194VS 
134 
 
Upper cone 
A-A section 
Detail B Detail C 
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Appendix A.2 - Lightened PAS 1194VS 
General view 
Appendix A.2 - Lightened PAS 1194VS 
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Lower cone 
 
A-A section 
A A 
Appendix A.2 - Lightened PAS 1194VS 
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Appendix A.3 - PAS 1194C 
General view 
  
Appendix A.3 - PAS 1194C 
139 
 
Lower cone 
 
 
A-A section 
A A 
Appendix A.3 - PAS 1194C 
140 
 
Middle cone 
 
 
 
A-A section 
A A 
Appendix A.3 - PAS 1194C 
141 
 
Upper cone 
Detail B Detail C 
 142 
 
Appendix A.4 - Lightened PAS 1194C 
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Appendix B - PSD Matlab 
This is the Matlab procedure used in to convert a sound pressure level 
(SPL) in a g-acceleration PSD to insert in Random Vibration Ansys work 
ambient.  
 
SPL=[128,131,136,133,129,123,116];  % values of the SPL under the Ariane 5 
fairing expressed in decibel  
f=[31.5,63,125,250,500,1000,2000];  % frequency division of the SPL spectrum 
[Hz] 
deltaf=0.2316.*f;                   % frequency bandwidth [Hz]  
Pref=2*10^(-5);                     % pressure reference value [Pa] 
Pf=Pref*10.^(SPL./20);              % root mean square pressure [Pa] 
Wp=(Pf.^2)./(deltaf);               % pressure power spectral density [Pa^2/Hz] 
fn=                                 % system natural frequency [Hz]    
z=                                  % system damping ratio 
Hf=(-(f./fn).^2)./((1.-(f./fn).^2)+1i.*(2.*z.*(f./fn))); %system transfer 
function  
Wzsecondo=(abs(Hf).^2).*Wp          % g-acceleration power spectral density 
[g^2/Hz] 
semilogx(f,Wzsecondo)               % plot the semi-logarithmic PSD graph in 
g^2/Hz vs. Hz  
 
In figure an example of a PSD graphic obtained with this procedure. 
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Appendix C - Hi-Lok 
 
 
 
The Appendix A is divided in four sections. 
1.  In the tables below are reported dimensions and specifics to identify and 
select the correct coupled pin and collar (Genuine Aircraft Hardware 
Co., 2005). 
 
2.  Moreover are also shown the geometric characteristics of chosen pins 
and collars (Lisi Aerospace Hi-Shear Corporation).  
 
3.  The pins are made of AISI E4340. The mechanical properties are listed. 
 
4.  Eventually the Matlab calculation procedure to assess fastener force is 
displayed. It is valid for all fasteners in tensile conditions. 
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Appendix C.1 - Pin and collar dimension and specifics 
Appendix C.1 - Pin and collar dimension and specifics 
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Appendix C.2 - HL20 & HL18 pins, HL86 & HL94 
collars 
Appendix C.2 - HL20 & HL18 pins, HL86 & HL94 collars 
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Appendix C.2 - HL20 & HL18 pins, HL86 & HL94 collars 
154 
 
 
Appendix C.2 - HL20 & HL18 pins, HL86 & HL94 collars 
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Appendix C.3 - AISI E4340 mechanical properties 
 
Pin material AISI E4340 
Density 7,85g/cm
3
 
Tensile strength 745MPa 
Yield strength 470MPa 
Elastic modulus 190-210GPa 
Poisson's ratio 0,27-0,30 
 
Collar material AISI Type 303se 
Density 8g/cm
3
 
Tensile strength 690MPa 
Yield strength 415MPa 
Elastic modulus 193GPa 
Poisson's ratio 0,25 
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Appendix C.4 - Matlab script to calculate fastener force 
%External Tensile Force%  
Ar %resistant area [m^2] 
Sp % allowable yield load [Pa] (0,85*Sy) 
mass % adapter+spacecraft mass [kg] 
grav=9.81; 
SF=1.5; 
acc1=2.5*grav; % maximum longitudinal tensile acceleration 2,5g*grav 
Fe-t-tot=SF*acc1*mass; % toal external tensile force 
Fe-t=Ftot/164 % external pin tensile force 
Fi=0.9*Sp*Ar % preload force 
  
%External Bending Force%  
%to calculate equivalent fittings areas use the procedure reported on  
Aal % aluminum equivalent area 
Acom % composite equivalent area 
Aplate % plate equivalent area 
  
Epin % Young's modulus of pin 
Ecomp % Young's modulus of composite 
Eal % Young's modulus aluminum 
Eplate=Eal % Young's modulus aluminum plate 
  
l1 % pin length 
l2 % aluminum thickness 
l3 % composite thickness 
l4 % plate thickness 
  
kb=(Ar*Epin)/l1 % pin stiffness 
kal=(Aal*Eal)/l2; % aluminum stiffness 
kcomp=(Acomp*Ecomp)/l3; % composite stiffness 
kplate=(Aplate*Eal)/l4; % plate stiffness 
z=(1/kal)+(1/kcomp)+(1/kplate); 
kc=1/z %fitting total stiffness 
w=(1/kc)+(1/kb); 
ktot=1/w % fastener total stiffness  
  
acc2=2*grav; % maximum lateral acceleration 2g*grav 
arm % force arm 
Mb=SF*acc2*mass*arm; %total external bending moment 
r %half diameter 
angle=0.038312105; % angle between holes 
t=(0:1:40); % pin number in 90° excluding extremes 
sum=2*ktot*(sum((2*r*sin(angle*t)).^2)+(r^2)); 
teta=atan(Mb/sum); 
Fe-b=ktot*r*tan(teta) % outer pin maximum tensile force 
  
%Bolt triangular diagram%  
Fe=[0:10:Fe-b]; 
a1=-(kc/(kb+kc)); 
b1=(kb/(kb+kc)); 
Fc=(a1.*Fe)+Fi; % pin tensile force 
Fb=(b1.*Fe)+Fi; % fittings compression force 
plot(Fe,Fb,Fe,Fc) 
xlabel('External Load Fe [N]') 
ylabel('Force [N]') 
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